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HISTORY OF THE UNIVERSE

High-energy
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t = Time (seconds, years)
E = Energy of photons (units GeV = 1.6 x 10710 joules)
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ATLAS Exotics Searches* - 95% CL Exclusion ATLAS Preliminary
Status: March 2016 [rdt=(32-203) b V5=8,13TeV RS ios Leptoquarks coloron()) x2 Resonances

Model ty Jetst E™ [ram] Limit Reference LQ3(tt) x2 .
T T LQa(v) x2 gluino(3) x2 o PO [
:gg Grx +8/a p . 21 2 ey Single LQT (A=1) Linoliib) x2 pp —> 090, § =tt%]  Moriond 2016 pp — GG, § —bb%3  Moriond 2016 pp =G99, §—=tt%3  moriond 2016
non-resonant (¢ en Single LQ2 (A\=1) gluino(jjb) . S, T ey e e e e T g B O e R S G S
ADD QBH - (q Tem 1 203 13112005 = 2000 4 > 2000
soooe B 2 as — 51201500 0 1 2 3 4 Tev 0 1 5 3 4 Tev 3 CMS Preliminary  — Observed - Expected ECMS Prefiminary ~ —oObserved -~ Expected & " "ECMS preliminary  —Oserved -~ Expected
2 igh 3 p sleu 22 3z bty = 3TV ATLAS CONF 2016008 E 3 E
g fovermue B 23 - as =6 Mo — 3ToV. 1B Ist20z5a6 5 1800F —sus-15.002, 0sep (4, 231 (13 TeV) 5c1600F —SUS-15-002 (H}™), 2.3 b (13 TeV) q 0 —sus-tso0z olep (46, 231 (13 Tev)
RS1 G — €€ 2en - - a8 14054128 US-15-003, 0-lep (Mrz), 2.3 o (13 TeV) 15 i & SUS-15-003,
E RS1 Gy = 7y 2y - - 203 i 1504.05511 RS Gr iton £ 1600 150«7Awlep<x§on‘zHb'(mew 4 SUS-15-003 (Mr;), 2.3 fo! (13 TeV) 1 € 1600] 4
I R N TR T [ 106 Tev kit~ 10 ATLAS CONF 2015075 RS, k=0.1 avitons ADD (y+MET), nED=4, MD 5.005, 069 (ay). 22 167 (13 ToV)
BUK RS G — HH — bbb - 4b - a2 | Gumas 475-785 GeV. K~ 10 ATLAS GONF 2016.017 , k=0. LQrge Extra 1400 5,004, i0p (Razon, 2.1 " (13 Tev) E 1400) 3
Bulk RS g — Tep 2102102 Yes 203 |ERCIETEY BR=025 150507018 Rs1 k=01 ADD (+MET), nED=4, MD P (Af), 23 b (13 TeV) 06, X
2UED. APP Tew 22b24] Yes 32 |Kimass 1,46 TeV Tir (1,1, BRACY — )= 1 | ATLAS CONF 2016013 (ee,pp), k=0. ) . . . 15007, 1-iop (M), 2.2 16" (13 ToV) E US-15.007, 1-op (M), 222 " (13 TeV) E
Dimensions 1200}~ SUS-15.008, =2-10p (89), 2.2 1" (13 TeV) 1200 Z5Us-15-008, =2-ep (SS), 2.2 16" (13 TeV)
SSMZ tt zew - - oz |zms aaTev ATLAS CONF 2015070 RS1(yy), k=0.1 ADD (ee,up), ED=4, MS SUS 16003 231ep, 23 1" (13 Tov) B ~SUS-16.003, 3-0p, 23 1o (13 Tov)
° fsn‘n;;nl - 27 - - 195 w0207 1000 —SUS-14-010, 0+1+2+23-Iep, 18.5 fo" (8 TeV) 3 US-14-010, 0+142423-10p, 19.5 1o (8 TeV) E
opiophobic 2/ - - 2 - g2 [zms roimiary -
& s ~ v oz |wmes ao7Tev ATLAS CONF 2015080 o 1 2 3 4 ey ADD (). nED=4, MS 800, El ] E
WTW S WZoqqmmodelA Oelu 10 Yoo 32 |Weimess o HTLAS CONF 2015068
HVT W’ — WZ - qqqq model A — 2y - 32 | Wmess =1 ATLAS-CONF 2015073 . ° ADD (j), nED=4, MS |
HVT W WH bbmodel B 1es  12510] Yes a2 |Weiass s ATLAS CONF 2015074 600 E E
HVTZ' 2 ZH o wbbmodel B 0oy 12510 Yoo 32 |2mase s ATLAS COoNF 2015071 QBH, nED=6, MD=4 TeV
RS < Teu  2001] ves 209 Ter04t0s 40004 3 B E
LRSM W — tb e =1b1d - 203 11080085 NR BH, nED=6, MD=4 TeV :
= Claaag E 2 - s |a STV 7= 1 zorsa 200 3 E E E
S Cige 2en - - 32 |A 2BATeV =1 ATLAS-CONF 2015070 SSM Z'() " " QBH (j), nED=4, MD=4 TeV/ ! E
Cluutt 2059 216.14] Yo 203 040450 (1) MR N K7 - P IR A S X E ) LL
S Adalvectormedalor D@0 D) Oep 21 Yes 32 |ma 107ev o) < 140Gov | asrinm SSMZ Jet Extinction Scale €00 800 1000 1200 1400 1600 1800 800 1000 1200 1400 1600 1800 &0 800 1000 1200 1400 1600 1800
Avialvector mediator Oirac OM) Oy 1 Yos 32 [ma 650GV, £em025, 410, mly) < 10Gev Prsminary
S 720w EF7 (Drac o) Oei 1051) Yes 32 |Me 550 Gev ) < 150 Gev ATLAS CONF-2015.080 SSM Z'(bb) — String Scale (j) mg [GeV] my [GeV] mg [GeV]
&) oot gen az Prtminary — | —_— — — _
__trtoto 22 ooy SSM Z'(ee)+Z'(up) PP GG 9 — 9%}  Moriond 2016 pp =t T—>t%  Moriond 2016 pp — §4,§ > q ¥ Moriond 2016
. - — = T T T T T T N LSRN AR EARA ERAN RARAS RARRY S T T T T T T
VLQ TT = He 4+ X 203 150504308 SSM W'(jj) > > >
@ 1600-CMS Preiimina —Observed - Expected @ CMS preiiminar — Observed -~ Expected o CMS preliminar — Observed - Expected
S| VoYY we i x 203 1505 008 j SE—— I N & 1600 ry 2 & a0 ry 2 & o ry =
VLQ BB  Hb 1 X 203 S, s S s ) 124
8| Voo aix e e s frvs SSMW'(v) dilets, A+ LURR = ~SUS-15:002 (H1™), 23 16" (13 TeV) - F ~8US-15:002, 0-lep (HF™), 2.3 1" (13 TeV) =
VLQ QQ - WaWgq 203 1509.04261 0 1 2 3 4 5 TeV dijets, A- LLURR £ 1400~ - SUS-15-003 (M), 2.3 b (13 TeV) - Ex 4001 . SUS-15-003, 0-lep (Myy), 2.3 o' (13 TeV) | £
Ton = We 203 150305425 ) —SUS-15-004 (Razor), 2.1 b (13 TeV) —SUS-16-007 HPTT, 0-lep stop, 2.3 1b” (13 TeV)
g Eocsnaa o 32 24TeV ety o and Te1z08910 dimuons, A+ LLIM 1200 —SUS-15-005 (ar), 2.2 fo! (13 TeV) 3 350F _SUS-16-007 HETT, O-lep stop, 23 b7 (13 TeV) 3
Excited quark g° — 36 52TeV only ' and @ 151201530 . —SUS-13-01 .5 for! —SUS-16-002, 1-1 2.3 107 (13 Te
%’ Exciod quark 5 — by 32 © ' Prelminary E T d dimuons, A- LLIM 1000 SUS-13-019 (o), 19.5 16" (8 TeV) SUS-16-002, 1-lep stop, 2.3 0" (13 TeV)
Excited quark b — W 203 51002884 ‘ E B!
8 oo %3 e XCITe dielectrons, A+ LLIM
Excited epton 203 tertzaen .
i - 800| E
oo e e Fermions dielectrons, A- LLIM
LRSI Najorana » 203 (W) = 2.4 T, no i 1506 08020 ;
Higgs triplet H** — ¢¢ 203 O prodacton, BRI+ (0-1 14120237 single e, A HnCM . 600; -
g Higgs tiplet H** — (1 203 DY producion, BRHS* (1)t 14112021 single p, A HICM Compositeness
Montop (non-1es proc) 203 w02 Te105408 3
400 -
Ml-charged paricies ° ST s O produton = 5¢ 50401188 ; )
Magelic monopoles - - n O procucton, 1 - 140, 8n1/2 | 150008050 inclusive jets, A+
1 L e i
VE=13TeV. — inclusive jets, A- 200
- 10 1 10 Mass scale [TeV] ] / ]
(; ya ! n of the available r are specified only when explicitly not excluded. 012345678 910111213141516171819 TeV Qo 800 1000 1200 1400 5600 3800 o 00 200 oo 600 700 800 e% 000 600 800 1000 1200 300
mallradius (large-radius) jet

denoted by the letter j (J) MS Exotica Physics Group Summary — LHCP, 2016 mg [GeV] m;[GeV] Mg [GeV]

ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary
Status: July 2016 7,8,13TeV

i i i . . i . Model T,y Jets EF [ranm ) Mass limit
ATLAS Long-lived Particle Searches* - 95% CL Exclusion ATLAS Pr CMS long-lived particle searches, lifetime exclusions at 95% CL =L,
Status: July 2015 _ . 1 03euNt2r 21001835 Yos 203
ly J£dt=(18.4-20.3) b Vs . . ) 26/ Yes 32
Model Signature  frarm] it Refer RPV SUSY, T bl, m(f) = 420 Gev _ moost 1des Y 32
T ¥ 0 26w we 32
L ) S e e I @) - 13m0 = 10Ty 1508 8TeV, 18,710 (displaced leptons) £ —gqwi tex  26ps Y 33
; 2oy oaes 2
L patdd 10 |
cngeze  emeswor oo | (T w-riton row| e o XK(10%), X o6, mH) = 125 GeV, m(X) =20 Gev I LO na- I IVed arfl CI es e Lo, it ons = 3
8TeV,19.61b" (displaced leptons) 8 combinoNLSP) 2y - Yes 32
AMSB pp— xid.xix;  dsappearingtrack 203 | i lfetimo o omaom m(x7) = 450 Gev 1310 § oo iomsnoano s v 1h Y 203
> GGM (nggsine 5o NLSP) Y zes we 23
B AMSBpp—xidix;  lagepieldEx 184 |7 letme . isteom mix}) = 450 GeV. 1506 H— XX (10%), X = up, m(H) = 125 fieV. m(X) =20 GeV _ G (ggeino NLEP) 2eu® -:,;f.. w23
8TeV,205fb" (displaced leptons) & —
ause o poining or dolyedy 203 |42 etime o ooesam SPSBwin A 200 TV 1a0e B wl B W 2
9 & mEY e ) o1
— somsion 153 [Spsne S ;) - o | 5o CHSSPo0 T, 21, My 230 5ev [ | 5 BT
8TeV, 19.7 b (disp. photon conv.) £5 2e4(SS5) 03b Yes 32
Vidden Valley H — 1,7, 2 Iow-EMF trackless jels 203 | m, fetime o omasim m(r.) = 25 GoV 1501 o o~ o g 2en b Yesar203
® GMSB SPS8, %, — Gy, m(()) =250 GeV/ - Shap Sabr 2';0 -
S iddenValey Ho o, 2iDMSwericss 195 | mlfetme 1504 8TeV, 19.1fb” (disp. photon timing) - lg 15 Ws 23
« 15 we 203
8 FAVZH 204 X 2epmriets 203 | attetime | H o 20 4 X miye) = 400 MeV | 1a0¢ I b3 Siels.2b ves 203
8 RPV SUSY, m(@) = 1000 GeV, m(.) = 150 GeV ~ - o —
T FRVZH -ty X 2euenies 208 | vatieime [ H oty 4 X, mira) = 400 Mev | 1a0c 8TeV, 185" (displaced dijets) o s 203 [& 140475 GeV
Yes 203 ﬁ_)’ 355 GeV
Yes 203 715 GeV
S8 Hidden Valley H — mr, 2low EMF trackiess ets 203 |, lfetme o oesom 1501 RPV SUSY, m(@ = 1000 GeV, m(,) = 500 GeV & ws 23 lEe 425.Gev
§ ) =00 H .y
@ | ooy Horn, zOMSwces 195, teime DR )~ 25Ge 1504 8TeV, 1851 (displaced diets) SRENIE  lagey - ms [v] T —
J— I GGM (bino NLSP) weak prod. 2y Yes 203 | 590 Gev
g FRVZH iy + X 2ecu-njels 203 | valieime [ mieomm Hi— yq + X miyg) = 400 MeV| 1408 AMSB % =, + ", m(,) = 200 GeV _ Fipod longived®] Dssppti fet Y 203 | 270Gev
8TeV, 195" (disappearing tracks) Direct 71 ¥, prod.long-ived F1 00X ik ves 184 |E 485 GeV.
S idden Valey ® = mn, 2w ENF tackiess jets 203 | m, letme S omtem #XBR = 1 pb, m(m.) — 50GeV 1501 el s e e os 850 GeV
5 el .
§§ icion Valy & o 506 cloud model R-hadron, m(g) = 1000 GeV' Eg Metastabie 7 R-nadron T - a2
iddenVally ® 55, 2 DMSverices 185 |, etme SR << - 1 b, mir) —50GeV | 1504 _ - P : —r
8% 8TeV, 186" (stopped particle) e T om0 D v s B —
S Hiddon Valey © — nr, 2 ow-EMF racess = ifime S omsaim <8R~ 1 pb, m{r.) = 50 Go _ . Denjang . :
8& AMSB %, tan() = 5, u > 0, m(y’) = 800 GeV/ O . F1-226 disp. vix + jets 203 |8 10Tev
88 vy oonn  zowswcss 195 [ ine ISR oF - b mr) =500 | 1504 8TeV, 188 1" (tracker + TOF) DGR Tes®® 03 we m3 [ et
dep » Yes 203 ﬁ 760 GeV'
~ s eusr Yes 203 v
o VIO e 2IDMSverices 203 | =, lfetme C orsm X8R = 1 pb, m{x,) = 50 GeV. 1504 AMSB %, tan() = 5, i > 0, m(x’) = 200 GeV/ 3 © oms a —— po—
) 0 23 ‘0.
S wzewvoaa  2DMSwics 203 | mlieime L o xBR < 1o, m(m,) = 50 GoV 1504 8TeV, 18810 (tracker + TOF) 2688, Yes 203 [F 890 Gev
1 1 2pts+2h 32 R s oy
-4 -2 2 4 6 8 10 12 2e. 25 203 |7 0410 Tev
0.01 01 ! ° 10 ¢ [m] 10 10 1 10 10 10 10 10 10 £
L] 2 Yes 203 ¥ 510 GeV
ct[m] L
m =
ction of the available lifetime imits on new states 10 1 Mass scale [TeV]

ATLAS EW singlet
\s=7TeV, 45-4.7 " — o SM

ls-8TeY, 203 Obs. 95% 0L x°<0.12 ATLAS Summary Plots CMS Summary Plots

===== Exp.95% CL: k?<0.23

T



https://twiki.cern.ch/twiki/bin/view/AtlasPublic
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined
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Properties of dark matter

@ Ordinary Matter
@ Dark Matter
Dark Energy

Approximately Cold / non-relativistic

5x as much DM as SM



searches for New Phvsics Searches for Dark Matter

Exotics

ATLAS Exotics Searches* - 95% CL Exclusion

LQ1(e) x2

LQ1(e)+LQ1(v)

LQ2(p) x2

Prelimi LQ2()+LQ2(v)

. ATLAS Preliminary nQz)

) JLdt=(32-203) b LQ3(tb) x2

ty Jetsi ET™ [raum™) Limit LQ3(tt) x2

T T LQ3(vt) x2

o0 s 4 dew - o5 ey Single LQ1 (\=1)

ADD GBH — g Teu 1a112008 Single LQ2 (\=1)
¢ 0 1

Status: March 2016 \5=8,13TeV
Model Reference
ADD G + 8 215
203
1 203
ADD 0Bt - 2 35 siz01
'€ | ADD BH high 3. pr zlen 22 32 n=6.Mp = 3TeV. rot BH ATLAS-CONF-2016-006
2 | DD B mutel RS T R 7S 6.ty — 3TV, B e
S | RSt G o (1 2eu - - =ma sz
| RS1G =y 2y - - 203 1 1504.05511
I R N TR T [ 106 ToV kit~ 10 ATLAS CONF 2015075
Bulk RS Gyx — HH — bbbb - 4b - 32 | Gk mass 475-785 GeV. KMy = 1.0 ATLAS-CONF-2016.017
BUK RS g — it Tep 21bzUZives 200 (e ~0ses wsasorote
2uED RPP e s2b> 32 |Kemass 146 eV T (1,1, B 11| smLas conE zotsora
SSMZ tt zew - - oz |zms aaTev AL coNF 2015070
g suz o 2 S s 0207
Loptophobic 2' - bb - 2 - g2 [zms Pty
& s ~ v oz |wmes ao7Tev ATLAS CONF 2015080
WTW S WZoqqmmodelA Oelu 10 Yoo 32 |Weimess o HTLAS CONF 2015068
VT W WZ— qqagmodel A~ = a2 [wms oy HTLAS CONF 2015073
HVT W WH bbmodel B 1es  12510] Yes a2 |Weiass s ATLAS CONF 2015074
VT2 ZH o wbbmooel B Oew 12b10] Yes 32 |2mass s ATLAS COoNF 2015071
LR w; 2 Ten  2604] ves 208
LRSM W — tb e =1b1d - 203 11080085
= Clagg E 2 - s |a STV -1
O Clgqrr 2en - - 32 [A 281 TeV e =1 ATLAS-CONF-2015-070
Cluutt 26,u(59) >16.14] Yo 208 040450
S Adalvectormedalor D@0 D) Oep 21 Yes 32 |ma 10Tev o) < 140Gov | asrinm
S | Avalvector medator OracOM) Oeiy 1 Yes 32 [ma 650GV, £em025, 410, mly) < 10Gev reimiary
ZZyy EFT (Dirac DM) Oeu 1J,51]  Yes 32 (M. 550 GeV mlx) <150 GeV ATLAS-CONF-2015-080
S Sookria = gen az Prtminary
=} Scalar LQ 2" gen 32 Preliminary
Scalar LQ 3" gen 203 1508.04735
VL TT < X 200 505 01308
S| VoYY we i x 203 1505 008
VLQ BB  Hb 1 X 203 150501208
$£3 vommzmix 203 B @) couvat 14055500
VLQ QQ — WqWg 203 1509.04261
Top Wt 203 150305425
Excited quark q* — qy 32 44TeV. only u* and d" 1512.05910
2 Euciodaurk o’ - g a6 52TV o an srz01530
S Excited quark b* — bg 32 Prefiminary
E Excited quark b — W 203 51002884
WS Excied lepton ¢ 203 1411 2021
Excited lepton v* 203 14112021
LSTC 27 — Wy 205 )
LRSI Najorana » 203 (W) = 24 To, o mixing 150606020
Higgs rilet - — (¢ 23 O produeion,BR(H* — (01 Ter20ea7
Hiogstiplet H* — 203 O rocucton BRIA” — (111 ity
Monotop (non-res prod) 203 =02 14105404
Multi-charged particles - - - 203 DY production, q] = 5 1504.04188
Magneti monopoles B O procucion. 1 150, spn 12 | 1500.08089
1 L
Vs=13TeV -1
- 10 1 10 Mass scale [Tev]
“Only a n of the availa its or are specified only when explicitly not excluded.
Small-radius (large-radius) jet: denoted by the letter j (J).
. . " o .
ATLAS Long-lived Particle Searches* - 95% CL Exclusion ATLAS Pre
Status: July 2015 [Ldt=(184-203) 7  F
Model Signature  [Ldt[b'] it Refer
T T T
APV corfeuir deplacsalepronpar 203 | +* HENER MO @) =13V m) = 10TeV[ 1504
GeM 2 - 28 dsplacedvixfets 203 | (GG (@)= 11T G = 10Tev| 1504
o Aol dsappearngi 205 | ietme L ozsom ) = 450 GeV i
)
@ AusBpp-apdadyy  laepieldEiac  1e4 | feime L asteom mlx}) = 450 Gev 1506
Gwss nonpoining o delayed y 203 | lfetime S oesam PS8 Wt A — 200 Tev 1a0¢
Stealth SUSY 2IDMSverices 195 | S ifetime L e
Fiddon Valley H — 7., 2 low-ENIF trackess jets 208 | =, lfetmo T aiasim m(r.) = 25 GoV 1501
g
S lddenvalley H—xr, 2 DMSverices 195 | lfetime 1504
W
o
D FvzH 2 X 2e-pmriets 208 | vattetime AT H o 204 X, miya) = 400 MoV | 1a0e
T FRVZHo g+ X 2epriots 203 |vattetime SR H oty 4 X, miya) = 400 MoV | 1a0¢
S8 Hidden Valley H — mr, 2low EMF trackiess ets 203 |, lfetme . oesom 1501
f
i
T D () - 255GV 1504
8 rvzioaix zeperiots 208 |paterme | EEGOR Him g+ X, ) = 400 Mov | 1a0c
&
S Hidden Valley & — mm, 2/ow-EMF trackiess ot 203 | , fetime o om7em 7BR = 190, m(r.)  50.GeV 1501
35
S 8§ Hadonvaley oo nn  2DMswrices 185 | lftime O] - <R - 1 pb. m(x,) = 50 GeV 1504
8
S Hiddon Valloy ® + rn, 2/ow-EMF trackisss ets 203 | fetime T oasaam 7xBR =1 po, m(m) = 50 GoV 1501
3
88
8 8§ Hodenvaley o - rr,  210MSverices 105 | letime R 6R - 1 pb. m(r.) — 50Gev 1504
[ WZ(TVoqa  2DMSwerces 203 | lieime o otasm 7xBR -1 pb, m(m,) — 50 GeV. 1504
5
£
S WZETV-aa  20MSwrices 203 |mlieime L e rxBR =1 po, m{m) = 50 GoV 1504
I |
0.01 0.1 1 10 100

ction of the available lifeti

e limits on new states

ct [m]

ATLAS
\s=7TeV, 45-4.7 " — o SM
\s=8TeV, 20.3 b’

EW singlet

Obs. 95% CL: k?<0.12
===== Exp.95% CL: k?<0.23

T

RS1(j), k=0.1
RS1(ee,u), k=0.1
RS1(yy), k=0.1

0 1

CMS Preliminary

coloron(j) x2 Multijet S U SY
Leptoquarks coloron(4) x2 Resonances

gluino(3j) x2

inofio) 2 o P 38 S ez e B 08 G008 wertrazne Y P80 G MR s
> 2000, 4 3 = 2000, -
2 3 4 Tev 0 1 5 3 4 Tev 3 CMS prefiminary ~ — Observed -~ Expected FECMS Preliminary ~ —Observed - Expected K] CMS Preliminary ~ —Observed -—Expected
‘;;,‘300’_53:::% Oleo ) 29 12215 Te0) T TR1600 —SUS-15-002 (™), 23 b7 (13 TeV) 4 5 —sustso0z otep (%), 201" (13 Tew) E|
£ 15004 g (Lsiy 21 15" 19TV E SUS-15-000 (M), 23 (13 TeY) 3 E te000 —SSsoor E

RS Gravitons ADD (y+MET), nED=4, MD Large Extra :237

ADD (j+MET), nED=4, MD . .
Dimensions 1200
1000

5005, 0-p (ar), 2.2 10 (13 TeV)

5004, 1-iop (Razor), 21 15 (13 ToV) E
P (A4), 23 15" (13 TeV)

15007, 1-i0p (W), 22 0" (13 ToV)

US-15-008, =21ep (SS), 2.2 " (13 TeV)

—SUS-16.003, =3-1op, 23 b (13 TeV)

US-14.010, 0+142+23-1p, 18.5 15 (6 TeV) B

06, .
US-15-007, 1-lep (M), 22 1" (13 TeV)
US- 15008, =20p (SS), 22 10" (13 ToV)
ADD (ee,pi), nED=4, MS B —SUS-16-003, =3-ep, 2.3 fo (13 TeV)
US-14-010, 0+1+2+234ep, 195 16" (8 TeV)
2 3 4 ADD (yy), NED=4, MS

ADD (jj), nED=4, MS

800)

600)

. MD=4 TeV
40034
NR BH, nED=6, MD=4 TeV 4
200)

QBH (jj), nED=4, MD=4 TeV

SN E i LI
800 1000 1200 1400 1600 1800 g 0 800 1000 1200 1400 1600 1800
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ATLAS Summary Plots CMS Summary Plots

Most of these models already have a DM candidate,
or can be easily modified to provide one

But what are we missing?
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What can the LHG do to look for Dark Matter

Searches targeting a full model that provides a DM candidate

- e.g. classic SUSY, leptoquarks, etc.

Searches for direct WIMP pair production through heavy mediators
(DM pair-produced with SM-scale couplings)

Searches for light mediators (with very small couplings)
See talks by Ted, Andrea, Wei, Savannah...

Is this the end of the list????

12



Models of Particle Dark Matter: Gomplementarity

Collider searches have many advantages, but

- dark matter must have non-gravitational interactions with the SM to produce it

- a MET signal != astrophysical DM

- the results cannot be related to other knowledge of DM without a model (and, for DM, we know very

little)

SM DM
DM SM SM SM SM
DM
DM SM DM DM SM SM
@ Ordinary Matter
i i - : - : Dark M
Indirect Detection Direct Detection Colliders @' DarkMatter
Dark Energy

During Run 1, general purpose WIMP searches focused on contact-interaction models emphasizing
complementarity

- focus on models with effective baryon coupling: scattering off nuclei and production in pp collisions
- signature-based searches applicable to broad classes of possible models

- balance between model agnosticism and using models to translate astro-physical/-particle knowledge
13



TABLE 1.

PHYSICAL REVIEW D 82, 116010 (2010)
Operators coupling WIMPs to SM particles. The

operator names beginning with D, C, R apply to WIMPS that are
Dirac fermions, complex scalars or real scalars, respectively.

Name Operator Coefficient
D1 Xxq4q mqy/ M3
D2 XY X4 im, /M3
D3 XXav’q im, /M3
D4 XY’ x3v’q my/ Agi
D5 XY Xavuq 1/M:
D6 XYY’ X379 1/M?
D7 XY X3Y,.Y 9 1/M?
D8 XYY’ XqY .79 1/M?
D9 X" Xq0 1,9 1/M?
D10 X0 Y’ XG0T 0pq i/M:
D11 ¥xG ., G*" a,/AM?
D12 X7’ xG,.,G* ia,/4M?
D13 ¥xG ., G* ia,/AM3
D14 j/'yS,yG#,,G‘“’ a,/4M3
C1 x" xaq mq/M?
C2 x'xav’q im, /M2
C3 xto,xav*q 1/M?
C4 x19,xay*v’q 1/M?
C5 x'xG,,G* a,/4M?
Cé6 x'xG.,G*" ia,/4M?
R1 X249 m,/2M>
R2 X’47°q im,/2M?
R3 x*G,,G*" a,/SM?
R4 X2G,,G*” ia,/8M?

SM DM

DM

SM

Colliders (EFT)
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TABLE L

PHYSICAL REVIEW D 82, 116010 (2010)
Operators coupling WIMPs to SM particles. The

operator names beginning with D, C, R apply to WIMPS that are
Dirac fermions, complex scalars or real scalars, respectively.

Name Operator Coefficient
D1 Xxa4q mqy/ M3
D2 XY’ X349 im, /M3
D3 Xxq3v’q im, /M3
D4 XY’ Xav’q mq/ﬁgi
D5 XV“Xqv.49 1/M:
D6 XY* Y’ X4v .49 1/M?
D7 XY XYV q 1/M?
D8 XY*Y XTY Y4 1/M?
D9 Xo* XG0 10 q 1/M?
D10 X0 10V XG0T 0pq i/ Mz
D11 ¥xG ., G*" a,/AM?
D12 X7’ xG ., G*" ia,/4M?
D13 ¥xG ., G* ia,/AM3
D14 XY’ XG ., G* a,/4M3
Cl x"xaq mg/ M3
€2 x'xav’q im, /M2
€3 x'o,xgy"q 1/M?
C4 X1, xqv v q 1/M?
C5 x'xG,,G* a,/4M?
C6 x'xG.,G*" ia,/4M?
R1 X249 m,/2M>
R2 X’47°q im,/2M?
R3 x*G,,G*" a,/8M?
R4 X2G,,G*” ia,/8M?

SM DM

DM
SM

Colliders (EFT)

Problem:

In typical completions, the inaccessible
physics must be too strongly coupled to
produce observable signals

e.g. s-channel mediator: rate depends on

My = Mmea/\/8qEx.

High enough rate implies either:
- heavy mediator, non-perturbative couplings

- light mediator (EFT incorrect theory)

15



Tww ww TN w N A v

TABLE L

operator na o) 10
Dirac ferm <>

—

Name

D1
D2
D3
D4
D5
D6
D7
D8 1
D9
D10
D11
D12
D13
D14

C1
C2 p
C3 10
C4

C5

10

Example: scalar mediator
Fraction of events where momentum

transfer is appropriate for EFT

ATLAS

\s=8TeV, 20.3 fb”
Observed limits, 95% CL

D1:%xqq
50 100 200 400 700 1000 1300
m, [GeV]

C6 P ——pp—

R1 X°qq

R2 X'Gv°q
R3 x*G,, G
R4 x’G,, G*

Ly

T/ TIVE %

m,/2M? - heavy mediator, non-perturbative couplings
imq/ZM,%

a,/8M; - light mediator (EFT incorrect theory)
ia,/8M?
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IS this a problem?

Brian’s talk yesterday

History lesson - 1930s:

* Back then, the “Standard Model” was photon, electron, nucleons

Energy spectrum of beta
decay electrons from 2'0Bi

®*Betadecay: n—>p+e

Intensity

Continuous spectrum!

0 0.2 0.4 0.6 0.8 1.0 12
Kinetic energy, MeV

e Pauli proposes a radical solution - the neutrino!

n—p+e +v

* Perfect example of a hidden sector!

* neutrino is electrically neutral (QED gauge singlet)
* very weakly interacting and light

* interacts with “Standard Model” through “portal” - (py¥n) (é’y,,,l/)

17



IS this a problem?

A  udu Ve A  udu Ve

udd

LHC probes ‘high’ energy scales
If ‘high’ is high enough, it can discovery and characterize the interactions
between normal and dark matter

18



IS this a problem?

SM DM

SM

DM

SM SM
Colliders

(Contact interaction)

LHC probes ‘high’ energy scales

SM DM
SM
Med.
DM
SM SM
Colliders

(Simplified Models)

If ‘high’ is high enough, it can discovery and characterize the interactions

between normal and dark matter

Requires more model assumptions (and parameters)

19



Take-away: LHG results are highly sensitive to model
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(or: collider-stable weakly-interacting particles)
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MET+X searches, or “mono-X”

ATLAS cuts

jet
pl > 250 GeV

letal < 2.4
tight cleaning

no medium p / tight e

.....‘

additional jets, M ET
pl > 30 GeV, > 250 GeV
letal < 2.8
Backgrounds
jet
q 8 x(my) jet
Signals
&g &DM
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q a4
q X(my) 4«: %
_ X * W(uv)
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X1 MET
uMETn
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CMS Mono-W/Z/jet

Look for large MET and 21 high pr jet; veto e, y, tau, Y, b-jet
e Mono-V: pri1*¥8, MET > 250 GeV, mass 65-105 GeV, tau21 < 0.6
e Mono-jet: remaining events prji"** > 100 GeV, MET > 200 GeV

Fit background and signal predictions to MET control regions (ee/up/e/u/Y+jets)
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13 TeV mono-jet results with simplified models
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13 TeV mono-jet results with simplified models

CMS Preliminary
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http://arxiv.org/abs/arXiv:1603.04156

Already Many MET+X Searches Done with 13 TeV Data and Shown at ICHEP

) ¢ Dataset CMS Documentation
jet or V (hadronic) 2016, 12.9 fb EXO-16-037 Eiko Yu
photon 2016, 12.9 fb EXO-16-039
Z (Il 2015, 2.3 fb EXO-16-010
Z (Il 2016, 12.9 fb EXO-16-038
Higgs (bb) 2015, 2.3fb EXO-16-012
Higgs (yy) 2015, 2.3fb EXO-16-011
tt (semilep+had) 2015, 2.21b EXO-16-005
t (hadronic) 2016, 12.9 fb EXO-16-040
Analysis Dataset Public link
Production search:
E??Ss-l—jet 2015 Paper: EXOT-2015-03 Steven Schramm
ET "%+ 2015 Paper: EXOT-2015-05
ER®+Z(— £0) 201542016 | Note: ATLAS-CONF-2016-056
ET™+W/Z(— qq) 2015 Paper: EXOT-2015-08
ER*54+H(— bb) 2015 Note: ATLAS-CONF-2016-019
ERIS LH(— v7) 201542016 | Note: ATLAS-CONF-2016-087
ERsS L H(— £040) 2015 Note: ATLAS-CONF-2015-059
E?iss-l—b-jets 2015+2016 | Note: ATLAS-CONF-2016-086
ER*S 4+t (0€) 201542016 | Note: ATLAS-CONF-2016-077
ER4tt (14) 2015+2016 | Note: ATLAS-CONF-2016-050
ERIss 4 tF (20) 201542016 | Note: ATLAS-CONF-2016-076
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ICHEP 2016
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Take-away: easy to find situations where mono-X
searches can nicely complement DD sensitivity

but comparison between the two requires a model
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OATLAS
1A EXPERIMENT
http://atlas.ch

Run: 280673
Event: 1273922482
2015-09-29 15:32:53 CEST




Physics Letters B 754 (2016) 302-322

ATLAS Dijet Resonance Search at 13 TeV ATLAS-CONF-2016-069

Data-driven background fit
f(@)=pi(1 - 7 )22 7k log z
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ATLAS Photon+Dijet and Jet + Dijet

Trigger on an ISR photon to avoid the high thresholds of the jet triggers
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DM interactions are rare

because coupling is tiny
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GMS Jet + Highly-hoosted Dijet CMS PAS EXO 16 030

Collimated into single jet

DM interactions are rare

9 because coupling is tiny
CMS Preliminary 2.7 b7 (13 TeV)
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Data Scouting, Trigger-Level, and Real-time analysis

Usual collider detector readout: record everything for a collision

DM interactions are rare

because coupling is tiny

Bandwidth = Rate * Event Size

For signals buried in huge background, reduce data size/complexity to increase rate of recorded data
ATLAS: factor O(100x) increase in event rates
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ATLAS MET+X and Dijet Searches

DM Simplified Model Exclusions ATLAS Preliminary August 2016
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ATLAS MET+X and Dijet Searches: Z’—-quark coupling of 0.25
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ATLAS MET+X and Dijet Searches: Z’—-quark coupling of 0.25
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ATLAS MET+X and Dijet Searches: Z’—quark coupling of 0.1
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Take-away: LHG searches for dark interactions can he
much more sensitive than searches for WIMP
production alone



Broadening the LHG Dark Matter Search Program

LHC Dark Matter Forum / Working Group (2014-)
http://lpcc.web.cern.ch/lpcc/index.php?page=dm wg

Why?

Complement diverse (but not very systematic) chance
collaborations between experiment and theory

Make the most of what little we know of DM

Pay attention to great ideas from theory and help make
things happen inside the collaborations

Is the current program the best we can do?
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Broadening the LHG Dark Matter Search Program

LHC Dark Matter Forum / Working Group (2014-)
http://lpcc.web.cern.ch/lpcc/index.php?page=dm wqg

The LHC Dark Matter Working Group (LHC DM WG)
brings together theorists and experimentalists to define
guidelines and recommendations for the benchmark
models, interpretation, and characterisation necessary
for broad and systematic searches for dark matter at
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the LHC.

The LHC DM WG develops and maintains close
connections with theorists and other experimental
particle DM searches (e.g. Direct and Indirect
Detection experiments) in order to help verify and
constrain particle physics models of astrophysical
excesses, to understand how collider searches and non-
collider experiments complement one another, and to
help build a comprehensive understanding of viable
dark matter models.
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Run 1Results: Dijet Resonances in Heavy DM Limit arXiv:1604.08907
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Eur. Phys. J. C (2015) 75:299

ATLAS 8 TeV Mono-jet Result: Gonnecting EFT limits to Non-collider WIMP Searches

Some lessons:

e Once the WIMP is light enough (below the scales
of the cuts on MET and jet p1), colllider searches
are insensitive fo the WIMP mass—can continue
the ~same limit below 1 GeV

e The mono-jet search is insensitive to differences in
Lorentz structure

e These nicely complement the non-collider searches
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